Mechanical loads exerted on the skeleton during activities such as walking are important regulators 28 of bone repair, but dynamic biomechanical signals are difficult to measure inside the body. The 29 inability to measure the mechanical environment in injured tissues is a significant barrier to 30 developing integrative regenerative and rehabilitative strategies that can accelerate recovery from 31 fracture, segmental bone loss, and spinal fusion. Here we engineered an implantable strain sensor 32 platform and measured strain across a bone defect in real-time throughout rehabilitation. We used 33 the sensor to longitudinally quantify mechanical cues imparted by a load-sharing fixation plate that 34 significantly enhanced bone regeneration in rats. We found that sensor readings correlated with the 35 status of healing, suggesting a potential role for strain sensing as an X-ray-free healing assessment 36 platform. This study demonstrates a promising approach to quantitatively develop and exploit 37 mechanical rehabilitation strategies that enhance bone repair. 38 39
Introduction 40 41
Tissue regeneration requires dynamic and spatially coordinated cellular activity involving 42 bidirectional interactions between the healing niche and surrounding environment. Characterizing 43 the progression of early-stage environmental cues in the regenerative niche and their contribution 44 to divergent healing outcomes is a critical and active area of research. An improved understanding 45 of biochemical and biophysical cues may inform the development of therapies that modulate the 46 microenvironment to more effectively resolve challenging injuries (1). Mechanical signals are 47 among the most potent and dynamic environmental regulators of tissue repair (2, 3). In particular, 48 forces exerted on musculoskeletal tissues during locomotion strongly influence regenerative 49 processes (4, 5). The sensitivity of bone to extrinsic mechanical cues is well documented, where a 50 moderate magnitude of mechanical loading accelerates osteoprogenitor differentiation, matrix 51 mineralization, and restoration of biomechanical function (6-8). 52 Strategies for controlled transfer of mechanical loads in vivo are a promising therapeutic 53 target to promote osteogenesis after fracture, segmental bone loss, spinal fusion, and joint 54 arthroplasty. Indeed, there is substantial clinical need to enhance bone regeneration for the millions 55 of patients undergoing these procedures each year, as a significant sub-set are afflicted with 56 prolonged disability or multiple revision surgeries due to non-union or poor osseointegration (9). 57 Mechanical stimulation strategies have spanned a range of approaches and garnered significant 58 scientific and clinical interest including external or percutaneous fixators and actuators (10), and 59 stabilization hardware or scaffolds with reduced stiffness to permit load sharing (11-13). 60 Additionally, more functionally relevant, non-invasive methods such as physical rehabilitation and 61 exercise may be implemented to enhance load transfer while simultaneously inhibiting adjacent 62 tissue atrophy and accelerating functional recovery of daily activities (14-16). Conversely, 63 excessive loading can impair healing resulting in fibrosis, hypertrophic non-union, or construct 64 failure (8, 17) . A critical challenge limiting these techniques has been the ability to monitor the Page 3 of 48 dynamic mechanical environment at the regenerative niche during repair-this mechanical 66 environment has rarely been quantified, resulting in incomplete understanding of biomechanical 67 conditions and limited means with which to reliably investigate the safety and efficacy of 68 mechanical based interventions. 69 A promising approach to quantitatively evaluate mechanical cues during tissue repair is the 70 integration of electromechanical sensors with devices already typically installed at the site of 71 healing, such as fixation plates, implants, or scaffolds (18). Advancements in microfabrication and 72 wireless data transfer have attained a level of maturity and a sufficiently small size for biomedical 73 applications. Recent reports of a broad range of transient and permanent implantable sensors have 74 facilitated new physiological insights in pre-clinical in vivo models as well as digital health 75 monitoring in humans (19) (20) (21) . 76 Using a pre-clinical rat model of long bone repair, we observed that varying load transfer 77 modulates vascular and skeletal tissue formation after injury (7, 17) . Motivated to better understand 78 the temporal progression of tissue-level mechanical cues that could enhance skeletal repair, we 79 recently developed a fully implantable strain sensor platform enabling real-time monitoring of 80 mechanical boundary conditions across the defect during functional rehabilitative activities like 81 walking (22) . The device possesses sufficient sensitivity and size for implementation in rats-- 82 animals which are used commonly used as a key pre-clinical test bed to screen therapeutic 83 approaches before scaling up to more costly large animal models. 84 Here, we deployed this strain sensor platform with the objective to examine the evolution 85 of biomechanical cues in the regenerative niche after injury and assess the effects of differing 86 magnitudes of functional mechanical loading on bone defect repair and revascularization. We 87 hypothesized that a moderate increase in ambulatory load sharing conferred by reduced stiffness 88 fixation would increase mechanical stimuli initially, and that the elevated deformation would 89 eventually decrease due to enhanced bone formation. We found that rehabilitative load sharing 90 Page 4 of 48 permitted by reduced stiffness of fixation substantially accelerated and enhanced bone repair. 91 Furthermore, we observed that real-time monitoring of strain magnitude during gait correlated with 92 the status of bone repair and that osteogenic ambulatory loading differentially regulated neovascular 93 growth after injury. These results demonstrate the potential of advancements in biomedical sensors 94 to optimize mechanobiological therapies by remotely monitoring dynamic biophysical cues in vivo.
95

Results
96
Real-time and on-demand ambulatory monitoring of in vivo mechanical boundary conditions
97 across bone defects using an integrated strain sensor 98 To assess the relative effects of mechanical loading on bone repair, we used an established 99 rat femoral bone defect model with well-characterized healing kinetics (23). The critically-sized 6 100 mm defects received one of two treatments: 2 µg bone morphogenetic protein-2 (BMP-2), a 101 minimal osteogenic dose that typically results in defects at the threshold of mineralized bridging at 102 8 weeks, or left empty as non-healing negative controls. The mechanical environment under 103 ambulatory loads was perturbed by stabilizing defects with either stiff or moderately compliant 104 internal fixation plates (fixators) which possessed a modular bridging segment fabricated from 105 polysulfone (PSU) or ultra-high molecular weight polyethylene (UHMWPE), respectively. Our 106 previous work in this model demonstrated that early ambulatory loading in a highly axially 107 compliant fixator which was 80% more compliant than stiff PSU fixators drastically inhibited bone 108 and vascular repair due to excessive deformation (17). In this study, we sought to explore a more 109 moderate mechanical environment that could enhance bone regeneration. Therefore, compliant 110 UHMWPE fixators featured a flexural stiffness about 40% lower than stiff PSU counterparts of 111 identical geometry ( Fig. 1A ; UHMWPE = 145.2 ± 10.6, PSU= 232.4 ± 20.1). Full study timelines 112 are outlined in Table S1 . 113 In vivo strain measurements were facilitated via the integration of a strain sensor into the 114 polymeric bridging segments of each fixator. The sensor transmitted real-time uniaxial strain 115 Page 5 of 48 measurements to a remote laptop with a USB receiver up to five meters away via a Bluetooth Low 116 Energy (BLE) enabled digital transceiver (Fig. 1B) . The transceiver was remotely controlled to 117 either transmit data or enter a low-power receiving mode by commands from the computer, enabling 118 on-demand user control of data collection and power allocation. All devices exhibited linear 119 responses and sufficient sensitivity to detect applied strain throughout the physiological dynamic 120 range (Fig. 1C ). 121 Ambulatory loading is a promising and straightforward approach to administer dynamic 122 biophysical stimuli to the regenerative niche and enhance tissue repair (16). Therefore, we sought 123 to assess the temporal progression of mechanical cues imparted during slow walking by measuring 124 strain during treadmill sessions starting one week after surgery and continuing twice weekly 125 thereafter. Strain acquisition proceeded biweekly through 5 weeks and once weekly thereafter (Fig. 126 1D). Dynamic strain cycle amplitudes corresponding to individual steps were computed and ranked 127 by magnitude ( Fig. 1E -G). The 90 th percentile strain magnitude was tracked longitudinally as it 128 represented a threshold of the 50-60 highest magnitude strain cycles, a sufficient number of cycles 129 to provoke an adaptive cellular response (6, 24, 25) . Rehab collection periods represented the most 130 significant mechanical stimulus exerted on the femur in terms of both magnitude and frequency 131 content; treadmill walking produced a significant 60% increase in strain magnitude relative to 132 nocturnal in-cage activity (Fig. S1 ). To demonstrate real-time strain measurements during 133 ambulatory activity with high temporal resolution, high-speed x-ray video of an animal walking on 134 a treadmill during simultaneous strain acquisition was recorded one month after surgery (Movie S1 Another potential beneficial application for the sensor platform is to provide a non-invasive 214 readout of the progression of healing. We hypothesized that the magnitude of fixation plate 215 deformation would primarily be dictated by three factors: the force input on the operated femur 216 during each step cycle, and the apparent stiffness of both the fixator and the adjacent bone defect, 217 which share load as parallel deformable bodies. To obtain an indirect estimate of the hind limb 218 force, we assessed the degree of operated hind limb utilization via weekly quantitative gait analysis 219 immediately after treadmill rehabilitation periods. We observed significant deficiencies in mean 220 paw print area and duty cycle of the operated hindlimb relative to the naïve contralateral initially 221 after surgery, with no relative effects of fixator stiffness ( Fig. 4A & B) . These deficits were 222 gradually restored to pre-operative levels within 6 weeks. 223 To evaluate the accuracy of our simplified working model for fixator strain magnitude, we Vascular perfusion of tissue is considered a critical precursor to osteogenesis. We 238 investigated whether the mechanical environment conferred by UHMWPE also differentially 239 affected vascularization. To this end, we performed a second in vivo study quantifying the size 240 distribution of vascular structures using microCT angiography at 3 weeks, an intermediate time 241 point that approximately coincides with bridging for the majority of healing defects ( Fig. 5A-C) . In 242 vivo strain sensor measurements during gait replicated similar amplitudes and temporal trends as 243 the preceding bone repair study ( Fig. 5J and Fig. 2A ), indicating the mechanical environment 244 produced by rehabilitative walking was repeatable across studies. Regardless of fixator stiffness, 245 we observed a significant increase in the amount of relatively small blood vessels (30-120 µm 246 diameter) and the connectivity of the vascular network throughout the defect and surrounding 247 tissue, demonstrating a potent angiogenic sprouting response to the injury and treatment with BMP-248 2 ( Fig. 5D & H) . Neovessel orientation was significantly more isotropic compared to naïve 249 vasculature, which was primarily aligned along the limb axis ( Fig. 5A -C, I). 250 Interestingly, when we localized the analysis within the confines of the defect we observed 251 a significant increase in the number of relatively small vessels (60-120 µm diameter) within defects 252 stabilized by PSU fixators relative to more compliant UHMWPE fixators (Fig. 5E ). The vessel size 253 distribution of defects stabilized by UHMWPE more closely matched naïve vasculature. 254 Furthermore, the number of distinct vascular structures within defects stabilized by PSU fixators 255 was elevated ( Fig. 5F & G) . Together, these results suggest that angiogenic sprouting of new 256 vessels within the defect is increased at 3 weeks due to low strain magnitudes under PSU fixation. 257 More generally, the results demonstrate the utility of the sensor platform to quantify in vivo 258 mechanical cues that exert potent but divergent magnitude-dependent effects on the formation of 259 bone and vascular structures, respectively. sharing permitted by UHMWPE fixators initially delivered a two-fold increase in deformation 292 magnitude, subsequently increased mineralized bridging by nearly three-fold, and increased bone 293 formation by over 60% ( Fig. 2A-C & Fig. 3A-B ). Furthermore, by coupling in vivo imaging with 294 strain sensor data as experimentally validated in vivo boundary conditions, we quantified 295 differences in the early stage tissue-level mechanical environment mediated by reduced fixator 296 stiffness ( Fig. 6 ). Together, these results establish the utility of in vivo telemetric sensing 297 approaches to aid in the measurement of tissue healing and outcomes after regenerative with the potential to augment regeneration. The in vivo experimental system that we developed and 337 used in the studies herein allowed us to longitudinally measure dynamic axial strain during gait. 338 Concurrently, we observed a substantial enhancement in bone repair via increased load sharing. 339 These data implicate a critical role for early mechanical cues on the long term healing response as 340 strain cycle magnitude at 1 week (before appreciable healing occurred) had a significant positive 341 correlation with the long-term bone regeneration outcomes ( Fig. 5A-C) . 342 While fixator strain measurements were useful to assess differences between groups and these data suggest a potential minimum threshold of vascularization is necessary to support 371 osteogenesis, above which there may not be further benefit to the regenerative capacity of the tissue. 372 Overall, there appear to be distinct magnitude-dependent mechanobiological thresholds that 373 differentially impair either bone or neovascular growth when exceeded. As a result, increased strain 374 magnitude can slightly modulate the progression of angiogenesis but still support sufficient tissue 375 revascularization to significantly enhance bone repair. These results contrast the traditional 376 paradigm in which increased angiogenesis correlates with enhanced osteogenesis; and instead, 377 implicate a minimum threshold of angiogenesis after which point there is not necessarily an additive 378 therapeutic benefit. Further, these data show that this threshold is highly mechanosensitive and 379 likely varies temporally during different stages of regeneration. 380 In addition to the mechanobiological findings facilitated by the strain sensor platform, the 381 data support that future iterations of strain sensing approaches may have promising applications in degree of hindlimb usage, and the fixator stiffness (Fig. 4C ). Therefore, this study provides pre-387 clinical in vivo evidence that it may be feasible to infer the status of bone healing via measurements 388 acquired under a repetitive controlled task without the need for X-rays. Such an approach is 389 pertinent to pediatric patients after procedures that would typically entail CT imaging, as radiation orientations. Together, these are significant limitations to monitoring during dynamic movements. 412 For these reasons, we employed an active BLE telemetry approach that permitted straightforward 413 sleep-wake control and parallel data acquisition from multiple animals walking at once. Despite the 414 size of the transceiver, it is worth noting that the current footprint is than sufficient for large animal 415 and human scale hardware research. 416 The specific objective of this study was to assess the role of the tissue-level mechanical 417 environment on regeneration. Treadmill walking at a constant speed was employed as a relatively 418 controlled ambulatory activity with which to impart mechanical stimulation for all groups. 419 Therefore, the net contribution to tissue repair of periodic walking relative to cage restriction was 420 not targeted, but warrants further investigation. Forced walking may cause stress and confounding 421 systemic effects in small animals (16). The findings of this study motivate the development of 422 experimental rehabilitative protocols that better mimic clinical regimens in both small and large 423 animal models to improve translation of insights obtained by in vivo strain sensing platforms to 424 humans, similar to the methods of Dalise and colleagues studying aerobic exercise in rats (39). 425 Here, we implemented an implantable sensor platform to monitor how mechanical 426 stimulation of the regenerative niche permitted by reduced stiffness fixation promotes bone repair. 427 In this study, in vivo strain monitoring enabled observations that: 1) early strain amplitudes 428 correlated with healing outcomes before radiographic indications of healing were apparent, and that 429 2) local strain magnitudes within the regenerative nice between 1-7% significantly enhanced bone Treadmill walking 499 Before surgery, rats were acclimated to walk consistently on a treadmill (NordicTrack) at 500 speeds ranging from 5-9 m/min over a period of 10-15 min. Beginning 1 week after surgery, and 501 twice weekly thereafter, each animal was walked for 10 min at a consistent speed of 6.5 m/min, 502 creating a gait cycle of approximately 1-2 Hz. The total distance travelled loosely approximated the 503 distance traversed during one day of in-cage activity (42). Vascular perfusions were performed after 3 weeks in the angiography study (43). Animal 531 vasculature were sequentially perfused through the ascending aorta with 0.9% saline, 0.4% 532 papaverine hydrochloride vasodilator, 0.9% saline, 10% neutral buffered formalin (NBF), 0.9% 533 saline, and radiopaque lead chromate contrast agent (2:1; Microfil MV-22, FlowTech Inc.). 534 Samples were stored overnight at 4° C to ensure polymerization, and both operated and naïve 535 femora were dissected with surrounding musculature left intact. Samples were submerged in a 536 formic acid/citrate decalcifying solution (Newcomers Supply) for 10 days on a rocker plate with 537 daily solution changes. 538 MicroCT scans were performed using 15 µm voxels, 55 kVp, 145 µA, and 300 ms 539 integration time. Vascular formation and morphology was assessed inside two different 4.14 mm 540 long cylindrical VOI: a 5 mm diameter "Defect VOI" encompassing the interior of the PCL tube in 541 operated femora or the approximate central axis of the femur in naïve contralateral samples, and a 542 7 mm diameter "Total VOI" encompassing the bone defect and immediate surrounding tissue. 543 Vasculature was segmented using a Gaussian low-pass filter and a global threshold.
544
Biomechanical testing 545 After eight weeks, animals were euthanized by CO2 asphyxiation, hindlimbs were cleaned 546 of soft tissue, fixators were carefully removed, and femora were wrapped in PBS-soaked gauze and 547 stored at -20° C until testing was performed 3 days later. Each femur was thawed before potting the 548 ends in Wood's metal (Alfa Aesar). Specimens were tested to failure in torsion at 3°/sec using a 549 load frame (TA Electroforce 3220). Failure strength was defined as the peak torque over the first mask. Fixator and steel riser plate models were manually aligned with the fixator plate visible in 572 microCT images. All masks were defined separately for each material (soft tissue callus, 573 mineralized tissue, proximal and distal bone segments, fixator risers and plate, PCL mesh) and were 574 combined to establish one unified surface model. The unified surface mesh was then cleaned in 575 3Matic (Materialise) and converted to a volumetric mesh of quadratic 10-node tetrahedral elements. 576 To determine mesh resolution, a convergence analysis was conducted using the 3 rd principal strain 577 within the defect soft tissue as the convergence criterion (Fig. S6A ).
578
Page 24 of 48 A summary of material properties applied to the femur-fixator model is listed in Table S3 . 579 When available, material properties were assigned based on known properties (e.g., steel, cortical 580 bone). The elastic moduli for the UHMWPE and PSU materials in the fixator were iteratively 581 determined by matching model calculated reaction forces to those calculated during a three-point 582 bending experiment ( Fig. S6B-C) . Similarly, elastic moduli for soft tissue callus ( Fig. S6D ) and 583 mineralized tissue (Fig. S6E) were also matched to experimentally determined displacements. 584 Briefly, femora with an unbridged defect (Fig. S6D ) or a bridged defect (Fig. S6E) were excised, 585 potted in Wood's metal and tested in uniaxial compression with a ramp to 0.2 mm and 5.3 N, 586 respectively. Soft callus tissue was assumed to be homogenous with a single elastic modulus, while 587 elastic modulus of the mineralized tissue within the defect was assumed to be related to the density 588 of independent voxels to a power of 1.49. A scalar factor was then multiplied to this relationship 589 and adjusted to match the model-derived with the experiment-derived displacements. All materials 590 were modeled as compressible neo-hookean with poisson's ratios from the literature (44, 45). 
